Abstract. Cadherins are Ca 2+ -dependent transmembrane glycoproteins crucial for cell-cell adhesion in vertebrates and invertebrates. Classification of this superfamily due to their phylogenetic relationship is currently restricted to three major subfamilies: classical, desmosomal and protocadherins. Here we report evidence for a common phylogenetic origin of the kidney-specific Ksp-(Cdh16) and the intestine-specific LI-cadherin (Cdh17). Both genes consist of 18 exons and the positions of their exon-intron boundaries as well as their intron phases are perfectly conserved. We found an extensive paralogy of more than 40 megabases in mammals as well as teleost fish species encompassing the Ksp-and LI-cadherin genes. A comparable paralogy was not detected for other cadherin gene loci. These findings suggest that the Ksp-and LI-cadherin genes originated by chromosomal duplication early during vertebrate evolution and support our assumption that both proteins are paralogues within a separate cadherin family that we have termed 7D-cadherins.
Introduction
The cadherin superfamily consists of transmembrane glycoproteins that mediate Ca 2+ -dependent cell-cell adhesion and thereby influence cell recognition and tissue morphogenesis [1, 2] . Cadherins play an important role in embryonic development and the maintenance of the tissue-specific differentiation state [3] [4] [5] . When expressed in fibroblastoid cells, the cadherin prototype E-cadherin leads to the formation of cell-cell junctions, and induces an epithelial phenotype [6] [7] [8] . Aberrant expression and mutations of cadherins are involved in invasiveness and metastasis of tumor cells [9, 10] . The ectodomain of cadherins is characterized by a variable number of homologous cadherin repeats (EC) [11] . Each repeat consists of about 110 amino acids and contains the conserved calcium binding motifs DXD, LDRE and DXNDN. A number of X-ray diffraction and NMR-based structural analyses of single and multiple cadherin repeats of classical E-, N-and C-cadherin revealed a highly conserved folding of the cadherin repeats in a β-barrel structure. The conserved calcium binding motifs were found to form Ca 2+ -binding pockets at the interfaces between successive cadherin repeats [12] [13] [14] . Binding of Ca 2+ ions stabilizes the cadherin ectodomain in a rod-like conformation with all repeats stacked upon each other [15] . This conformational change is a prerequisite for the cadherin function of mediating homotypic cell-cell adhesion [16] .
Differences in the structure of the extracellular and the cytoplasmic domain within the cadherin superfamily led to the classification of cadherins into three major and several minor subfamilies [11, 17] . Classical type cadherins, like E-cadherin, are composed of five extracellular cadherin repeats, a single transmembrane domain and a cytoplasmic domain of about 160 amino acids [18] . The highly conserved cytodomain interacts with β-catenin, which in turn binds to α-catenin [19, 20] . Until recently, α-catenin via β-catenin was assumed to link the classical cadherins to the actin cytoskeleton and to affect thus cell morphology and migration [21] . This model has now been challenged and a more dynamic role of α-catenin as a molecular switch regulating actin dynamics has been proposed [22, 23] . Another catenin, p120, influences the adhesive function of cadherins by binding directly to the juxtamembrane region of classical cadherins [24] . Desmosomal cadherins, desmocollins and desmogleins, are the adhesive components of desmosomes [25] . Like classical cadherins they consist of five extracellular repeats and a single transmembrane region, but differ in their cytoplasmic domain that links them to the intermediate filament network [26] . The protocadherins comprise the largest subfamily of cadherins with more than 60 members [27] . Their number of extracellular cadherin repeats varies from four to seven and their cytoplasmic part is different from those of other cadherin subfamilies. The phylogenetic relationship of cadherins within the superfamily can not only be revealed by their protein structure and their biological function, but also by their particular gene organization [28] . By comparing the protein sequences of the classical E-, P-, N-and R-cadherin from different species, Gallin [29] proposed the hypothesis that today's classical cadherins are derived from a single ancestral gene that has evolved to at least four classical cadherins via gene duplication. Interestingly, the majority of the classical cadherins are clustered on human chromosome 16 [30] , whereas desmosomal cadherins are found in a cluster on chromosome 18 (18q12) close to the classical N-cadherin gene (18q11.2) [31, 32] . Recently, 52 protocadherin genes were found organized in three large clusters on human chromosome 5 [33] . Ksp-and LI-cadherin are members of the cadherin superfamily that share distinct structural features different from all other cadherins [34, 35] . Both proteins consist of seven extracellular cadherin repeats and a rather short cytoplasmic domain comprising only about 25 amino acids. Their cytoplasmic domains share no homology to that of classical cadherins and appear not to bind to β-catenin [36, 37] . Neither Ksp-nor LI-cadherin contain an N-terminal propeptide, which is a characteristic feature of immature classical cadherins [38] . Interestingly, Ksp-and LI-cadherin are each coexpressed with E-cadherin and evenly distributed along the lateral contact areas of highly resorptive polarized epithelia of the kidney or the intestine, respectively [35, 39, 40] . These similar structural and functional features of Ksp-and LI-cadherin suggest a common phylogenetic origin of both molecules. To further investigate our hypothesis of a phylogenetic relationship between Ksp-and LI-cadherin, we cloned the mouse Ksp-cadherin gene (Cdh16), analyzed its genomic structure and compared it to the mouse LI-cadherin gene (Cdh17). We proceeded to determine the chromosomal localization of both genes by interspecific backcross mapping in combination with a search in the mouse genome sequence to analyze their respective genomic environment. In addition, as draft genome assemblies have become available for several teleost fish species, we sought to clarify the evolution of Ksp-and LI-cadherin genes by exploiting this information. [37] were generated by PCR labeling (DIG PCR Labeling Kit; Roche, Mannheim, Germany) using specific forward (5′-GCACTTCTGCCACTGTTGTGATCC-3′ and 5′-TGGAGGAGACGTGCACTAC-3′) and reverse primers (5′-CCACCTTGCGCATACATTG-3′ and 5′-TGATCCT-GCTAGGTCAACAGCCAGC-3′), respectively. Probes were detected with anti-digoxigenin Fab fragments conjugated to alkaline phosphatase, and visualized by incubation with the chemiluminescent substrate CSPD ® (Roche, Germany) according to the manufacturer's protocol. Three independent cosmid clones were identified containing the complete Ksp-cadherin gene sequence and obtained from the RZPD for further analysis.
Material and methods

Cloning
DNA sequence analysis. DNA sequences were determined by the dideoxy chain termination method [41] using fluorescent dye/Big-Dye terminators in 373A and 377 automated sequencers (Applied Biosystems, Weiterstadt, Germany). Sequence alignment was performed using Mac Molly ® tetra (Version 3.7, Soft Gene GmbH, Berlin, Germany). Intron-exon boundaries were identified by sequence comparison with mouse Ksp-cadherin cDNA and conserved consensus splice sites.
Interspecific backcross mapping. DNA from the inbred strain C57BL/6J (B6) was obtained from the Jackson Laboratory (Bar Harbor, ME, USA) and DNA from Mus spretus LS was obtained from the HGMP (Hinxton, UK). Genomic DNA from tail cuts of EUCIB (B6 × LS) × LS backcross animals was prepared following standard 
Results
Protein structure of mouse Ksp-and LI-cadherin. Ksp-and LI-cadherin share many structural similarities, although their overall amino acid identity is less than 30%. Figure 1 shows a schematic drawing of both proteins with the average percentage of similarity on the amino acid level of corresponding cadherin repeats, transmembrane regions and cytoplasmic domains as well as the overall amino acid identity. The striking common features of both proteins are the seven extracellular cadherin repeats and the partial lack of the Ca 2+ -binding motifs at the interface between cadherin repeats 2 and 3 (Zitt et al., submitted). Furthermore, Ksp-and LI-cadherin both exhibit two conserved cysteines in cadherin repeat 4, which are not present in classical cadherins and share a rather small cytoplasmic domain comprising only about 25 amino acids.
To further investigate a potential common phylogenetic origin of Ksp-and LI-cadherin, we analyzed their gene structures.
Gene structure comparison of Ksp-and LI-cadherin.
To isolate the mouse Ksp-cadherin gene, two PCR-labeled probes derived from the mouse Ksp-cadherin cDNA [37] were used for the screening of macroarrays from a mouse cosmid library. Three cosmid clones (MPMGc121-P1413Q3, -E13108Q2, and -D02293Q2) each containing the complete genomic sequence of the Ksp-cadherin gene were isolated. The Ksp-cadherin gene spans about 10 kb and contains 18 exons (Fig. 2) . The position of the exon-intron boundaries were localized by comparing the genomic sequence of Ksp-cadherin with the corresponding cDNA sequences [37, 43] . When in doubt, the general rules for splice site consensus sequences were used to define their EC1-EC7, extracellular cadherin homology repeats; TM, transmembrane domain; CP, cytoplasmic region. The small circles in between the cadherin repeats represent Ca 2+ ions and the small vertical lines mark conserved cysteine residues. The amino acid identity of corresponding cadherin repeats and the overall identity of human and mouse Ksp-and LI-cadherin (hKsp, AAC34255; mKsp, AJ609635; hLI, NP_004054; mLI, AAD51125) were determined using the pairwise alignment with PAM 250.
Cell. Mol. Life Sci. Vol. 63, 2006 Research Article 1567 exact position. The observed splice donor and acceptor sites match, in general, the typical consensus sequences [44] . The mouse LI-cadherin gene [45] also consists of 18 exons but is, with nearly 59 kb, six times as large (Fig. 2) . The intron positions with respect to the repeat structure are highly conserved between both molecules.
The exon/intron sizes and the splice sites of the Kspand LI-cadherin genes are summarized in Table 1 . The smallest exon of Ksp-cadherin gene is 58 bp in size, the biggest, located at the 3′-end, has a size of 340 bp. The introns range in size between 69 and 1423 bp. The identified exons of LI-cadherin (70-888 bp) are of similar size The biggest difference is found in exon 4 with 21 nucleotides. The length of the first exon of the Ksp-cadherin gene has already been determined using RNase protection and 5′-RACE (rapid amplification of cDNA ends) approaches [46] . In Figure 3 , the intron patterns of the Ksp-and LI-cadherin ectodomains and transmembrane regions are superimposed. Despite the variable intron length of both genes, their positions are highly conserved. Within the coding regions, the introns of Ksp-and LI-cadherin are at the same positions (intron phases) of coding triplets, respectively, and all differences in exon length are multiples of three (Table 1) .
Chromosomal localization of mouse Ksp-and LI-cadherin genes. The chromosomal positions of the mouse Ksp-and LI-cadherin genes were determined by interspecific backcross mapping using the European Collaborative Interspecific Backcross (EUCIB). The large Mus spretus/B6 backcross of 982 progeny has a genetic resolution of 0.3 cM at the 95% confidence level (EUCIB, 1994; [47] ). Ksp-cadherin was mapped on 115 mice of the EUCIB BSS backcross and linkage to anchor marker D8Mit35 (lod score 17.0) was found in agreement with Thomson and colleagues [43] , who used a different backcross panel. The Ksp-cadherin gene colocalized with the microsatellite marker D8Mit185 and is positioned between D8Mit313 (1.7 ± 1.0 cM) and D8Mit138 (1.7 ± 1.0 cM) on mouse chromosome (MMU) 8 (Fig. 4) . To genetically map the mouse LI-cadherin gene, 119 mice of the EUCIB mouse BSS backcross were genotyped and linkage to the EUCIB anchor marker Mos on proximal mouse chromosome 4 was detected (lod score 20.9). Fine mapping of the LI-cadherin gene resulted in a location between the markers D4Mit101 (0.84 ± 1.0 cM) and D4Mit292 (0.84 ± 1.0 cM). (Fig. 4) . In addition to the gene pairs described above (Ksp and LI-cadherin genes Cdh16/Cdh17; calbindin genes Calb1/Calb2 and GTPases Gem/Rrad), newly identified paralogs included pyruvate dehydrogenase phosphatase genes Pdp1/Pdp2, cyclinD-related proteins Cbfa2t1h/Cbfa2t3h, ATPase subunits Atp6v0d2/ Atp6v0d1 and other paralogs with currently ill-defined functions, e.g. proteins encoding a chromodomain or a KELCH domain, respectively. The observed paralogy of the chromosomal regions encompassing the mouse Kspand LI-cadherin genes is also conserved in rat and human (supplementary data Fig. S1 on web page www.molgen. mpg.de/~rodent/projects.html).
Chromosomal organization of other cadherin genes.
Classical cadherin genes are found on several mouse chromosomes. For instance, the genes Cdh6, Cdh10 and Cdh12 map to MMU15, and Cdh2 locates to MMU18. We compared the proteins encoded in chromosomal segments of MMU15 and MMU18 to MMU4, in the same Research Article 1569 way as described above for MMU8. Intriguingly, no paralogy relationship was detected, with the exception of a pair of ion transporter proteins on MMU4/MMU18 and, as expected, matching cadherin proteins. The remainders of gene hits above threshold were elements occurring in multiple copies throughout the genome (genes or pseudogenes encoding ribosomal proteins, hnRNP genes). In one case, a multi-exon gene on MMU15 that encoded poly(A)-binding protein matched a processed pseudogene on MMU4. These findings indicate that the observed extensive paralogy between the Ksp-and LI-cadherin gene loci is a particular feature of those two genes and is not common for other cadherins.
Ksp-and LI-cadherin genes in lower vertebrates. Recently, the draft genome sequences for three teleost fish species have become available, for the zebrafish (Danio rerio) and for two different pufferfish species, Takifugu rubripes [48] and Tetraodon fluviatilis [49] . For either species, sequence coverage of the genome is well above 95%. Takifugu and Tetraodon are closely related, at an evolutionary distance comparable to mouse and rat. The split between zebrafish and pufferfish occurred much earlier, 120-150 million years ago, at the beginning of the radiation of the modern teleost fish species. In wholegenome datasets comprising all proteins predicted from the genome sequence of either fish species, we identified the fish proteins that are homologous to the mouse gene paralogs mentioned above. These proteins, together with their orthologs in man and rodents (rat or mouse), were subjected to a phylogenetic analysis. Representative examples are shown in Figure 5a for Ksp-and LI-cadherin (Cdh16 and Cdh17), classical cadherin and desmosomal cadherin genes and in Figure 5b for pyruvate dehydrogenase phosphatase genes Pdp1 and Pdp2. In both examples, each of the teleost genomes contains orthologs to either Cdh16/Cdh17 (Ksp-/LI-cadherin) or Pdp1/ Pdp2, respectively. For Pdp1 two orthologs were found in the zebrafish genome (Fig. 5b) . Similar results were obtained for Ras GTPase superfamily genes Rrad/Gem (supplementary data Fig. S2 on web page www.molgen. mpg.de/~rodent/projects.html). For the calbindin gene family, Calb2 orthologs were found in all three teleost species. In contrast, only zebrafish, but neither Fugu nor Tetraodon, contained a Calb1 ortholog, suggesting a deletion of Calb1 in the pufferfish lineage (supplementary data, Fig. S2 on web page www.molgen.mpg.de/~rodent/ projects.html). However, the combined data and tree topologies strongly suggest a duplication of the Ksp-/LIcadherin locus before the split of the tetrapod and teleost lineages, most probably by duplication of a chromosomal region or maybe an even larger genomic entity.
Discussion
Cadherin genes have been expanded throughout the evolution of metazoans [50] [51] [52] . Within the cadherin superfamily, Ksp-and LI-cadherin share many structural features distinct from all other cadherins [53] . Furthermore, Ksp-and LI-cadherin are expressed in highly resorptive epithelia of the kidney and the intestine, respectively [34, 35] . They mediate cell-cell adhesion, induce a particular cellular phenotype and are not linked via β-catenin to the actin cytoskeleton [36, 37] . To address the question of a common phylogenetic origin of both genes indicated by protein structure comparison, we analyzed in detail the mouse Ksp-and LI-cadherin genes as well as their chromosomal environment.
Comparison of the Ksp-and LI-cadherin genomic organization revealed a complete conservation of their intron positions. There is no difference in the number of introns and their phases; the biggest variation in exon length corresponds to only 7 amino acids (exon 4). Moreover, the total length of the coding region of both molecules differs only by two amino acids, although their overall amino acid identity is below 30%. Besides the conserved structural features of both cadherins, the almost identical genomic organization is additional strong support for a common phylogenetic origin of Ksp-and LI-cadherin. We had previously shown that the intron positions within the region of the LI-cadherin gene encoding the cadherin repeats EC3 to EC7 almost perfectly match the respective regions of the classical E-, P-and N-cadherin genes encoding EC1 to EC5 [45] . The only differences are found in the second intron of EC4, which is slightly shifted and has a different phase, and in the region encoding the premembrane repeat (EC7), which contains an additional intron. Similarly, the desmoglein 1 gene (DSG1) has all intron positions and phases within the extracellular domain conserved as compared with the genes of classical cadherins, but lacks any intron in the premembrane repeat [54] . The Ksp-cadherin gene is located within the cluster of the classical cadherins on mouse chromosome 8q (from the centromere to distal: cadherin 8, OB-, VE-, Ksp-, P-, E-, T-and M-cadherin), whereas LI-cadherin lies isolated on mouse chromosome 4 (Fig. 4) . This observation is confirmed by the distribution of the human orthologs of these genes on human chromosomes 16 and 8, respectively [30, 43] . The chromosomal localization of mouse Ksp-cadherin on chromosome 8, presented in this study, is in agreement with the findings of Thomson and colleagues [43] .
A detailed experimental and in silico analysis of the genomic neighborhood of Ksp-and LI-cadherin revealed an [45] . Taken together, the following scenario of the Ksp-/LIcadherin evolution seems very likely. First, an ancestral cadherin with seven cadherin repeats evolved from a fiverepeat precursor cadherin by a partial gene duplication event [45] . Second, before the divergence of land vertebrates and teleost fish, a genome or segmental chromosomal duplication involving the Ksp-/LI-cadherin ancestor gene led to the origin of an additional cadherin gene within a highly paralogous environment. Indeed, two genome duplications are proposed to have happened early in vertebrate evolution [57, 58] . Third, classical cadherin genes expanded by gene duplication forming a cluster of homologous genes. Fourth, some of these genes have undergone further changes, like the generation of T-cadherin, while others have been translocated to different chromosomes.
Since the observed paralogy involving the Ksp-/LI-cadherin genes was restricted to MMU4 and MMU8 and not detected for other cadherin gene clusters on MMU15 and MMU18, it appears to be a specific feature relating those two cadherins. We therefore conclude that large segmental duplications were not involved in the generation of the current repertoire of classical cadherin genes in general.
As the Ksp-and LI-cadherin genes survived independently after the duplication of the precursor, both genes had to gain new important functions. The tissue-specific expression of today's Ksp-and LI-cadherin in highly resorptive epithelial cells of the kidney and the intestine, respectively [40, 43] , might have been responsible for their survival during evolution. Interestingly, the recently identified zebra fish LI-cadherin ortholog [59] shows an expression pattern that resembles both mouse Ksp-and LI-cadherin. However, as we show in this report, zebrafish also possess a Ksp-cadherin gene (ENSDARP00000029014). Transcripts of zebrafish LI-cadherin can be detected during development in the pronephric duct and later in the mesonephric kidney, whereas in the adult zebrafish, LIcadherin was found only in liver and intestine [59] . So far, the expression pattern of zebrafish Ksp-cadherin has not been analyzed. In mice, temporal LI-cadherin expression was also observed during embryogenesis in the epithelia of the urogenital sinus at day 13.5 post coitus [40] . This temporally overlapping expression pattern of Ksp-and LI-cadherin at certain developmental stages might be a relict of their common phylogentic origin. The similar protein structure and genomic organization of Ksp-and LI-cadherin supports our previously suggested classification of both cadherins in a distinct subfamily that we termed, due to their seven extracellular cadherin repeats, 7D (7 domain)-cadherins.
